Purpose -To describe a way of teaching industrial ecology (IE) and to show some tools that may help for the IE teaching. Design/methodology/approach -In the paper, the development of lectures, practical lessons and projects on real industrial ecosystems are described. Also the teaching materials used are described. Findings -The presented methodology for teaching IE has been a good means for the understanding of the IE concept. Some of the educational tools presented have helped the students to increase their awareness of the distance between IE and the real industrial field, discover that there are a lot of by-product exchange possibilities between industries, to develop their creativity, to connect the theory to practice in the industrial systems and have encouraged them to try to put the IE ideas into practice. This methodology has been useful for either small or big groups and for people with either the same or very different backgrounds. And it has been observed that the quality of the work is enhanced when the members of the group have different backgrounds. Practical implications -The paper shows methodologies and tools that may encourage and help other teachers/professors to use them in their IE lessons. It may also help IE researches to know which real examples and methodologies help students to understand IE concept. This could encourage them to develop projects and research in those directions. Originality/value -The paper fulfils the need of knowing real experiences in IE teaching and their results. And in special, experiences that have been tested for a long period of time and with a great number of students. All the experiences described in the paper have been created and put into practice by the author.
Introduction
There is an increasing awareness of the key role played by environmental and sustainability issues in the development of today's world. Nevertheless, this growing awareness must be accompanied by tools that are useful for those responsible for the future development of our society. One of the main ways in which industry can contribute towards sustainable development is through industrial ecology (IE) . Teaching these new topics is crucial to their dissemination in society, and requires the development of methodologies that facilitate understanding of this concept and, at the same time, render it attractive to students and to industrial leaders.
Currently, in Spain, IE is taught at very few universities and at the master's level only at the Technical University of Catalonia, in the School of Industrial Engineering of Terrassa, Barcelona, Spain (ETSEIT). In other European countries IE is offered extensively, especially in Norway, The Netherlands and Sweden (The IE programme in the Norwegian University of Science and Technology, NTNU, 2005) .
This paper presents the methodology that the author developed in Catalonia for teaching IE. This methodology was used at the ETSEIT for five years in an industrial engineering degree, and also in postgraduate courses in environmental management and Agenda 21, in seminars with the IE Network in Catalonia: universities, administrations and businesses related to IE and in workshops with industrial firms. This methodology includes lectures, practical applications, the development of IE teaching materials, final theses in the field of IE, etc. Finally, the results of the implementation of this methodology are presented.
Description of the methodology Lectures Introduction to industrial ecology. The introduction includes close observations of the operation of natural ecosystems that reveal that:
. the matter cycle is closed, whereas the energy cycle is not;
. there are numerous interlinkages in the food chain (herbivores, primary consumers, decomposers, etc.;
. during the transfer of matter from one level to another, there is considerable dissipation of energy;
. the links do not form either a linear chain or a perfect circle, but instead form a web of interrelations that enable the systems to close the cycle;
. there is no waste, but rather only by-products that are used by other species as resources;
. most of the energy consumed in an ecosystem is consumed by the processes that decomposers carry for the closing of the cycle;
. the only source of energy of all ecosystems is solar energy;
. ecosystems in dynamic equilibrium achieve ecological-efficiency, however they are also quite fragile;
. after a natural ecosystem is initiated, a long time is required before it reaches a state of dynamic equilibrium or maturity; and . many interrelations are regulated by collaboration and self-organisation (British Museum, 1982; Margalef, 1985) .
In view of the fact that we know quite a lot about how natural ecosystems work, and that their eco-efficiency is quite high since they do not produce waste and that they require nothing more than solar energy, it is pertinent to ask why industrial and social systems produce large amounts of waste and continually consume more and more energy, mainly in the form of fossil fuels.
With these considerations in mind, the course on IE was designed to help the students understand how to improve the functionality of industrial systems. This requires an interrelation between industries (in terms of flow of materials, energy and information) and a sustainable relationship with the natural and social environments that surround them . This relationship between industries is an approach towards closing the material's cycle and, accordingly, to eliminating the production of waste. This can be reached, in part, by using the by-products of one industry as raw materials for others, as takes place in natural ecosystems. It is easy to imagine the economic and environmental benefits that this would entail .
However, IE is not merely limited to this method of cycle-closing or industrial symbiosis. IE also makes use of many other methods and tools that help to reduce environmental impact, improve eco-efficiency, and create good industrial planning and increase output, always tending towards greater sustainability . Some of these tools are life-cycle analysis, material flow analysis, design for the environment, minimisation, cleaner production, etc. These methods and tools can be used while bearing in mind that the specific purpose of IE is to create a network of industries interwoven with their social and natural surroundings.
The scope of IE is wide because sustainability of human systems is its final aim. IE includes also: corporate sustainability reporting, sustainable consumption, social dimensions, sustainable manufacturing and transportation, complex systems theory, regional metabolism, etc. .
This new discipline can provide a framework to encompass much of the knowledge and many of the methods that are already being put into practice in industry and can also generate new and imaginative solutions that build on overall sustainability.
Methodology of the lectures. One of the most important objectives of this part is the understanding and application of the concepts of IE. The author has documented that once this concept is well understood by the students, they are able to apply it and to come up with very interesting ideas related to the industrial activity. This portion of the course is divided into six parts (Cervantes, 2001) :
(1) The students are divided into groups to seek to answer the following question related to Figure 1 : how could you improve the eco-efficiency of this system? (2) Discussion of the answers (whole class). Students are invited to make a critical analysis of the Kalundborg's Industrial Symbiosis system. They are challenged to answer the question, How can you relate industrial symbiosis with IE and which IE trends are missing in this example? Examples: Industrial Symbiosis in Kalundborg. The Kalundborg experience has been called industrial symbiosis (The Industrial Symbiosis Institute, 2004) . It is the first and the most complete (at the level of by-product exchange) system of industrial symbiosis. It was born practically by accident at the beginning of the 1970s and has continued to grow and change to the present date. Manufacturers of energy (in the form of heat from coal, fuel, gas and the refining of fuels), pharmaceuticals (that fabricate insulin and enzymes), manufacturers of gypsum panels, fish farms, businesses that recover contaminated soil, the city of Kalundborg and the local farmers, all play a part in the system. The exchanges take place in four areas: energy, water and flows of materials and information. In the 1990s, the Industrial Symbiosis Institute was created to coordinate the industrial symbiosis.
Figures 2, 3 and 4 show three diagrams of Kalundborg's Industrial Symbiosis corresponding to the years 2001, 1999 and 1995. One can see that this is a dynamic system that has evolved in response to the demands of the market, the needs of These three diagrams are discussed, in detail, in the classes and students are encouraged to identify the differences among them. Afterwards, they are asked to think about the evolution of the system.
Practical applications
There are several kinds of practical classes that can be used depending on the number of students, the material resources available, the number of sessions that can be used in class. Some of these are:
. A search on the web for various topics related to IE (definitions, courses, practical examples, conferences, bibliography, etc.). This is a type of session which can be used in groups of different sizes, the primary limitation being the number of computers available. It can be easily adapted to people with different backgrounds and at different levels of complexity. Though it is a versatile exercise, it requires full dedication of the teachers so that students come to an understanding of the concepts and avoid merely looking for web pages without arriving at any understanding.
. Using the background of the students, the knowledge obtained in the lectures and the results of the online search, they design a possible EIP and describe it using a flow diagram showing flows and exchanges between/among businesses or entities. Three-person groups are well-suited to this activity, although it can be easily done in pairs or even in groups of four. The quality of this work is enhanced dramatically when the members of one group have different backgrounds. As IE is an interdisciplinary field, these people are able to offer ideas stemming from their different experiences, thus, designing a better industrial ecosystem. In the end of the session each group exhibits its work and explains the industrial ecosystem they have designed. The rest of the class can participate, enhancing this ecosystem by suggesting new ideas. We observed that the combination of the first two sessions gives good results. The information found on the web helps the students to design a better industrial ecosystem.
. Using the facility synergy tool, (FAST) software (FAST, 2005) (first sent by Suzanne Giannini-Spohn, United States EPA, but now available on the internet), students attempt to correlate waste flows from a group of firms with the raw materials of others, also drawing the flow diagram of a potential EIP.
. Development of a bibliographic and/or practical project on a certain aspect of IE. This can be done either individually on in small groups. These are proposed at the beginning of the course and are adapted as the course goes on.
Teaching materials
Sometimes, the IE concept must be taught rapidly and made comprehensible for both students of the industrial engineering degree or of the master's programmes and for the companies attending the workshops. However, there are still no compilations of IE teaching techniques or exhaustive lists with details of the main EIP or industrial ecosystems. For these reasons we have developed some teaching files. These teaching files fall into three categories:
(1) Thematic (or content-based) files. These files try to show the different aspects of concepts related to IE, as for example: history of the concept, other concepts related to the chosen one, etc. (2) Files of IE real examples from around the world. These include industrial ecosystems in Europe (Kalundborg, Denmark; Styria, Austria; Ora Eco-Park, Fredrikstad, Norway; Herning-ikast, Denmark; Jyväskylä Finland; Turku, Finland; Progetto CLOSED, Tuscany, Italy; etc.) in Asia (Bugangan Baru, Semarang, Indonesia; Naroda, Ahmedabad, Gujarat, India; Ankleshwari IE, Gujarat, India; Nandeseri IE, Gujarat, India; Thane-Belapur IE, Maharashtra, India; Calabarzon, the Philippines; etc.) and in North-America (Tampico, Tamaulipas, Mexico; Burnside, Halifax, Nova Scotia, Canada; The Bruce Energy Center, Tiverton, Ontario, Canada; Calgary, Alberta, Canada; Quebec, Canada; Brownsville, Texas, USA; Middleton, Texas, USA; etc.). These examples were chosen because they include industrial symbiosis, as a criterion. The files specify: name, location, flow diagram, participants, exchanges, by-product valuation, other initiatives, benefits, opportunities and challenges. (3) Files of practice work to facilitate the assimilation of concepts related to IE. In these files, students have to answer questions that help them to understand Teaching industrial ecology different aspects related to IE, as for example: methods and tools for IE, EIP planning, IE resources, etc.
Projects on real industrial ecosystems
One type of practical exercise not previously mentioned is a visit to an industrial ecosystem or to an experience related to IE and the development of a real diagram showing flows and opportunities for exchange. Some of these in-depth projects are presented as final theses by industrial engineering students. Some works developed by students are: "The tanning industries of Igualada (Barcelona)" (this work shows the waste materials produced in the different stages of tanning hides and how these are used as raw materials by other industries); "Application of the IE criteria to the paper industrial sector in Catalonia" (a study of the material flows of the paper industries in Catalonia and their relationship with firms of different industrial sectors that use their wastes as raw materials) (Cervantes et al., 2002) ; "Study of an industrial state in Santa Perpètua de Mogoda (Barcelona) and their possible adaptation to an eco-industrial park".
Though these types of projects require close monitoring and supervision from the teachers, they provide a great deal of help to students and can contribute to the work of people performing research in this field.
Resources in IE
A basic and extended bibliography is presented to the students. An extensive list of IE books is available in the student's library (see Appendix). Special emphasis is made on some interesting web pages of IE entities that will help them in their practical classes. The practical sessions are useful for discussions with the students and see what they think about the implemented methodology and about their impressions of IE. In these discussions, students explain that before the IE class, they rarely thought that exchanges between industries could exist, but afterwards they realise that it is a really good idea and they also wish to put it into practice. They also state that the FAST model helps them to discover that there are many by-product exchange possibilities among industries.
An enquiry on the subject has also been made in the last two academic years (2003-2004 and 2004-2005) . This enquiry reflects that the design of the flow diagram of an imaginary industrial ecosystem develops the student's creativity and increases their awareness of the distance between IE and the real industrial field. It reflects also that the visit to an industrial system or to an industrial ecosystem helps them to connect the theory to practice.
The author has observed that the diversity of options taken into account by the eco-industrial networks designed by teams drawn from different fields is much wider than those designed by groups of people sharing similar backgrounds. Based upon this the author has concluded that:
. these group efforts are very useful for its members; and . the methodology is flexible enough to be used by people with no industrial background as well as at the highest levels of industrial engineering in companies.
Conclusions
The described methodology for teaching IE is a good means for helping to improve student's understanding of the IE concepts, as documented the learning results. The educational tools (software, teaching files, projects involving real industrial ecosystems, etc.) helped the students to increase their awareness of the distance between IE and the real industrial field, to discover that there are many by-product exchange possibilities between industries, to develop their creativity, to connect the theory to practice in the industrial systems.
This methodology is useful for small and big groups and for people with either the same or very different backgrounds. The author has observed that the quality of the work is enhanced when the members of the group(s) have different backgrounds.
